G lucagon-like peptide 1 (GLP-1), a major incretin hormone, is released from the gut in response to nutrients and potently stimulates glucoseinduced insulin secretion. In patients with type 2 diabetes, its secretion is diminished (1) (2) (3) (4) , and incretinbased therapies have emerged as a major therapeutic option. Activation of the GLP-1 receptors regulates blood glucose concentration by mechanisms including enhanced insulin synthesis/secretion, suppressed glucagon secretion, slowed gastric emptying, and enhanced satiety (5) .
Recent evidence confirms that GLP-1 increases muscle glucose uptake independent of its ability to enhance insulin secretion (6) . In conscious dogs with dilated cardiomyopathy, both GLP-1 and its active metabolite are able to increase myocardial glucose uptake without altering plasma insulin concentrations (7, 8) . Intraportal GLP-1 infusion in dogs increases nonhepatic glucose utilization without changing pancreatic hormone levels (9) . During low-flow ischemia, GLP-1 increases coronary blood flow and myocardial uptake of glucose in Langendorff-perfused rat heart preparation (10) .
In addition to its well-characterized glycemic actions, studies in both animals and humans have repeatedly shown a beneficial action of GLP-1 on vasculature. Infusion of GLP-1 into Dahl salt-sensitive rats attenuated the development of hypertension, reduced proteinuria, and improved vasodilator response to acetylcholine (11) . In healthy humans, infusion of GLP-1 increased acetylcholine-induced vasodilatation independent of alterations in blood levels of glucose and insulin without altering the vasorelaxant response to nitroprusside, possibly via the nitric oxide (NO) pathway involving ATP-sensitive K + channels (12) . In type 2 diabetic patients with stable coronary artery disease, infusion of GLP-1 ameliorated endothelial dysfunction as evidenced by improved flow-mediated dilatation (13) .
The molecular pathways underlying these beneficial vascular actions of GLP-1 remain elusive. Studies done using rat arterial rings have shown a direct, dose-dependent vasorelaxant effect of GLP-1 that is abolished by the removal of the endothelium, confirming the necessity of endothelium in GLP-1-mediated vasodilation (14) . In a similar manner, inhibition of endothelial NOS (eNOS) with N G -nitro-L-arginine methyl ester (L-NAME) abolishes the vasorelaxant effect of GLP-1 on rat pulmonary arteries (15) .
Recent evidence suggests that altered muscle endothelial surface area profoundly affects insulin delivery and action in muscle (16, 17) . Many physiological factors regulate muscle microvascular perfusion in vivo, including insulin, mixed meal, angiotensin II receptor blocker, and muscle contraction (18) (19) (20) (21) (22) (23) (24) , and muscle microvascular recruitment induced by contraction is associated with increased muscle insulin uptake (22) . Because endothelial cells (ECs) express abundant GLP-1 receptors (13) and GLP-1 has been shown to increase coronary blood flow and myocardial glucose uptake independent of insulin (25) , it is likely that GLP-1 may also enhance muscle microvascular recruitment and insulin delivery to muscle. This was assessed in the current study. Our results indicate that GLP-1 indeed potently recruits muscle microvasculature by increasing microvascular blood volume (MBV), increases insulin delivery, and enhances glucose uptake in muscle via a NO-dependent mechanism.
RESEARCH DESIGN AND METHODS
Culture of bovine aortic ECs and Western blotting. Bovine aortic ECs (bAECs) in primary culture were purchased from Cambrex BioSciences (Walkersville, MD) and cultured as described previously (26, 27) . After serum starvation for 12 h, cells between passages 3 to 8 were exposed to GLP-1 amide (Bachem Americas, Inc., Torrance, CA) (0.1, 0.3, 1.0, 10, and 100 ng/mL) or insulin (100 nmol/L) for 20 min in the absence or presence of a GLP-1 receptor antagonist, exendin (9-39) (10 nmol/L) (Bachem Americas, Inc.). Cells were then washed twice with ice-cold 13 PBS solution and lysed by sonication using a Fisher XL2020 sonicator (Fisher Scientific, Pittsburgh, PA) in icecold lysis buffer. Cell lysates were centrifuged for 10 min at 4°C (20,000g) , and the supernatants were used for Western blotting. Proteins were transferred to nitrocellulose membranes, and the membranes were probed with antibodies against phospho-Akt1 (Ser   473   ) , Akt, phospho-eNOS (Ser 1177 ), eNOS (Cell Signaling Technology, Beverly, MA), or phospho-eNOS (Ser 635 ) (Upstate, Lake Placid, NY) overnight at 4°C. This was followed by a secondary antibody coupled to horseradish peroxidase, and the blots were developed using enhanced chemiluminescence (GE Healthcare Bio-Sciences Corp, Piscataway, NJ). Autoradiographic films were scanned densitometrically and quantified using ImageQuant 3.3 software. Both the total and phosphospecific densities were quantified and the ratios of phosphospecific to total density calculated. Quantification of cAMP-dependent protein kinase activity. bAEC cAMPdependent protein kinase (PKA) activity was quantified using an assay kit (Promega Corporation), according to the manufacturer's instructions. In brief, cells were plated in 10-cm plates, grown to 80% confluence, and then incubated with GLP-1 (1 ng/mL) for 20 min. Cells were then suspended in cold PKA extraction buffer and homogenized, and the lysate was centrifuged for 5 min at 4°C at 14,000g. The supernatant was mixed with assay mixture and incubated for 30 min at room temperature, and the reaction was stopped by heating the mixture to 95°C for 10 min. Samples were then separated on a 0.8% agarose gel at 100 V for 15 min. The densities of both the phosphorylated and nonphosphorylated peptides were quantified using ImageJ software, and the ratios of phosphospecific to total density were calculated. Animal preparations and experimental protocols. Adult male SpragueDawley rats (Charles River Laboratories, Wilmington, MA) weighing 220-320 g were studied after an overnight fast. Rats were housed at 22 6 2°C, on a 12 h light-dark cycle and fed standard laboratory chow and water ad libitum before the study. After being anesthetized with pentobarbital sodium (50 mg/kg i.p.; Abbott Laboratories, North Chicago, IL), rats were placed in a supine position on a heating pad to ensure euthermia and intubated to maintain a patent airway. Polyethylene cannulae (PE-50; Fisher Scientific, Newark, DE) were inserted into the carotid artery and jugular vein for arterial blood pressure monitoring, arterial blood sampling, and various infusions.
After a 30-to 45-min baseline period to ensure hemodynamic stability and a stable level of anesthesia, rats were studied using one of the following two protocols ( Fig. 1) : In protocol 1, rats received an intravenous infusion of saline (control) or GLP-1 (7-36) amide (30 pmol/kg/min; Bachem Americas, Inc.) for 120 min in the presence or absence of systemic infusion of L-NAME (50 mg/kg/min; Sigma-Aldrich, St. Louis, MO). L-NAME infusion was started 30 min before the commencement of GLP-1 infusion and at the dose selected, raises mean arterial blood pressure (MAP) by 20-30 mmHg above baseline without affecting the heart rate (24, 28, 29) . Skeletal muscle MBV, microvascular blood flow velocity (MFV), and microvascular blood flow (MBF) were determined using contrast-enhanced ultrasound, and femoral artery blood flow (FBF) was measured using a flow probe (VB series 0.5 mm, Transonic Systems), as described previously (21, 22, 29, 30) . Hind leg glucose extraction, plasma NO levels, and muscle interstitial oxygen saturation were measured as described below. Rat gastrocnemius muscles were collected for measurement of eNOS (Ser 1177 ) phosphorylation using Western blotting. In protocol 2, rats received a continuous infusion of either saline, GLP-1 (30 pmol/kg/min), or GLP-1 with L-NAME (50 mg/kg/min) for 30 min. At 25 min, each rat received a bolus intravenous injection of 1.5 mCi 125 I-insulin (PerkinElmer, Boston, MA). At the end of the study, rats were killed, and plasma and gastrocnemius were obtained for determination of muscle 125 I-insulin clearance/uptake. Throughout the study, MAP was monitored via a sensor connected to the carotid arterial catheter (Harvard Apparatus, Holliston, MA, and ADInstruments, Inc., Colorado Springs, CO). Pentobarbital sodium was infused at a variable rate to maintain steady levels of anesthesia and blood pressure throughout the study. GLP-1 was given as continuous infusion because of its shorter plasma half-life secondary to rapid degradation by enzyme dipeptidyl peptidase IV (5,31). The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (Publication No. 85-23, revised 1996). The study protocols were approved by the animal care and use committee of the University of Virginia. Determination of hind leg glucose uptake. Carotid arterial and femoral venous blood glucose concentrations were determined using an Accu-Chek Advantage blood glucometer (Roche Diagnostics). Glucose levels were determined four to six times per time point, and the numbers were averaged. Hind leg glucose uptake (mg/dL) was calculated as the arterial-venous (A-V) glucose difference. Measurement of plasma NO levels. Plasma NO levels were measured using 280i Nitric Oxide Analyzer (GE Analytical Instruments), according to the manufacturer's instructions. In brief, ice-cold ethanol was added into plasma samples at a ratio of 2:1. The mixture was kept at 0°C for 30 min and then centrifuged at ;14,000 RPM for 5 min. The supernatant was then used for NO analysis based on a gas-phase chemiluminescent reaction between NO and ozone. Quantification of muscle interstitial oxygen saturation. Muscle interstitial oxygen saturation was measured using a fiber-optic oxygen measurement system (OXYMICRO; World Precision Instruments), based on the effect of dynamic luminescence quenching by molecular oxygen. In brief, a needle housing the fibro-optic oxygen microsensor was inserted into the right hind limb skeletal muscle, and the glass fiber with its oxygen-sensitive tip inside the needle was extended into muscle interstitium by carefully pressing the syringe plunger. Measurements were taken every 10 s, and 1-min average values were calculated. Muscle 125 I-insulin clearance/uptake. Five minutes after a bolus injection of 1.5 mCi 125 I-insulin, rats were killed. The dose and exposure time were selected because this tracer amount of 125 I-insulin does not increase systemic insulin concentrations, and intact insulin has a short circulating half-life (,5 min) (32) . Plasma sample was collected and each rat was then flushed with 120 mL ice-cold saline (10 mL/min) via the carotid artery catheter. Gastrocnemius   FIG. 1 . Animal study protocols. 
RESULTS
GLP-1 effects on Akt, eNOS, and PKA in cultured bAECs. After confirming that ECs express abundant GLP-1 receptors, we first carried out a dose-response study examining whether GLP-1 exerts a direct effect on the vascular ECs in vitro prior to the animal studies (Fig. 1) . As shown in Fig. 2A , incubation of bAECs with GLP-1 at concentrations ranging from 0.1 to 100 ng/mL (;30 pmol/L to 30 nmol/L) for 20 min potently increased the phosphorylation of Akt (P = 0.007, ANOVA). Although GLP-1 at 100 ng/mL appeared to be more effective than insulin in stimulating Akt phosphorylation, the difference was not statistically significant (P = 0.26). In a similar manner, GLP-1 acutely stimulated the phosphorylation of eNOS at Ser 1177 (P = 0.009, ANOVA) (Fig. 2B) . Incubation of the cells with exendin (9-39) (10 nmol/L), a specific GLP-1 receptor antagonist, completely abolished GLP-1-induced eNOS phosphorylation at Ser 1177 , confirming that GLP-1 acted via its receptors (Fig. 2C) . On the contrary, GLP-1 failed to increase eNOS phosphorylation at Ser 635 (Fig. 2D ). It appears that Akt was more responsive to GLP-1 stimulation than eNOS (Ser receptor and capable of phosphorylating eNOS, in cultured ECs (Fig. 2E) . GLP-1 potently recruits muscle microvasculature. The above results from in vitro studies prompted us to examine whether GLP-1 recruits muscle microvasculature in vivo. Because in rats, plasma GLP-1 concentrations increase from ;15 pmol/L to ;80 pmol/L when GLP-1 is infused at 20 pmol/kg/min (33) , and because our in vitro study demonstrated a stimulatory effect of GLP-1 on eNOS at a concentration of 0.3 ng/mL (;90 pmol/L), in the current study, we used an infusion rate of 30 pmol/kg/min for all in vivo experiments. Muscle microvascular parameters were determined before and during 120 min of GLP-1 infusion (Fig. 3) . Control rats received saline infusion only. Saline infusion did not significantly change muscle microvascular parameters (MBV, MFV, and MBF) during the entire course of the study. GLP-1 potently increased muscle MBV (by ;2.5-fold) within 30 min, and this effect persisted throughout the 120-min experimental period (P , 0.04, ANOVA) (Fig.  3A) . MFV did not change significantly during GLP-1 infusion (Fig. 3B) . As a result, GLP-1 infusion led to a significant increase in MBF (;2.5-fold, P , 0.02, ANOVA) (Fig. 3C ). Both FBF and MAP remained stable during GLP-1 infusion ( Table 1 ). The changes in MBV and MBF seen with GLP-1 infusion appear to be larger than those induced by insulin at physiologically relevant concentrations, which increased MBV and MBF by ;1.7-and 2.1-fold, respectively, without altering MFV (34) . Because plasma insulin concentrations trended higher at 30 min (though not statistically significant) (Fig. 4E) , in additional experiments, we coinfused somatostatin at 1.3 mg/kg/min with GLP-1 to inhibit endogenous insulin secretion. In the presence of somatostatin, GLP-1 again potently increased skeletal muscle MBV by 2.3-fold (n = 8, P , 0.01) without altering MFV (P = 0.14) at 30 min. Somatostatin completely blocked GLP-1-induced insulin secretion at 30 min (173 6 37 vs. 88 6 33 pmol/L, baseline vs. 30 min, P . 0.05, n = 5) without changing blood glucose levels (89.9 6 4.1 vs. 83 6 3.4 mg/dL, baseline vs. 30 min, P . 0.05), confirming that the microvascular effects were secondary to GLP-1 action, not insulin. GLP-1 increases plasma NO levels, muscle oxygenation, and muscle glucose extraction. Because our in vitro study demonstrated a direct effect of GLP-1 on eNOS (Ser 1177 ) phosphorylation, we next assessed whether GLP-1-induced changes in muscle microvascular perfusion was accompanied by increased plasma NO levels and whether it led to increased muscle oxygenation and substrate use. GLP-1 infusion increased plasma NO levels by greater than threefold within 30 min (Fig. 4A) , which remained elevated for 90 min. At 120 min, plasma NO levels fell back to the control levels despite continued infusion of GLP-1. In salineinfused rats, plasma NO levels trended down by ;30% during the 120-min study period (18.6 6 3.0 vs. 12.3 6 1.9 mmol/L, P . 0.05, ANOVA). Overall, plasma NO levels were significantly higher in the GLP-1 group than in the saline control rats (P = 0.028). GLP-1 infusion did not significantly change eNOS (Ser 1177 ) phosphorylation in the rat skeletal muscle (Fig. 4C) . Muscle interstitial oxygen saturation increased significantly within 30 min, which remained elevated for the entire 120 min (P = 0.014, ANOVA) (Fig. 4D) .
Muscle glucose utilization, as reflected by femoral A-V glucose difference, did not change during saline infusion 
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(P = 0.8, ANOVA) (Fig. 5A) . However, it increased by approximately threefold within 30 min of GLP-1 infusion, and this effect also persisted for the entire 120 min (Fig. 5B) . This was associated with a small but significant decrease in arterial blood glucose levels at 30 and 60 min (Fig. 4F) . Plasma insulin concentrations trended higher at 30 min, which was not statistically significant, and the levels at 60 and 120 min were comparable to the basal levels (P = 0.5, ANOVA) (Fig. 4E) . NOS inhibition abolishes GLP-1-mediated muscle microvascular recruitment and glucose extraction. To ascertain that NO production indeed played an essential role in GLP-1-induced increases in muscle MBV and glucose extraction, we infused L-NAME systemically starting 30 min before GLP-1 administration (Fig. 1) . L-NAME infusion raised the average MAP by ;10% (P , 0.05) without changing FBF (P . 0.05) ( Table 1) and completely abolished GLP-1-induced changes in MBV (Fig. 3A) and MBF (Fig. 3C ) without altering MFV (Fig. 3B ). These were accompanied by markedly decreased plasma NO levels (Fig. 4B) . In the presence of L-NAME, GLP-1 failed to increase muscle extraction of glucose from the plasma compartment (Fig. 5C ). Inasmuch as there appeared to be a decreasing trend in both MBV and MBF during L-NAME infusion, there was no statistically significant difference in MBV, MFV, and MBF between the L-NAME group and the saline group (P . 0.05 for all, two-way repeated-measures ANOVA). On the contrary, the increases in both MBV and MBF induced by GLP-1 were highly significant compared with either the saline (P = 0.001 for MBV and 0.01 for MBF), L-NAME (P , 0.001 for both MBV and MBF), or L-NAME plus GLP-1 (P , 0.001 for both MBV and MBF) group (Fig. 3) . GLP-1 increases muscle insulin clearance/uptake. The prompt increase in muscle MBV and glucose extraction led us to assess the effect of GLP-1 on muscle insulin clearance/ uptake. GLP-1 was infused for 30 min and 125 I-insulin was given intravenously 5 min before the end of GLP-1 infusion (Fig. 1, protocol 2) . As shown in Fig. 6A , the fractions of intact 125 I-insulin were comparable among the saline control, GLP-1, and L-NAME plus GLP-1 groups in both blood and muscle, suggesting an equal rate of degradation of the injected radiotracer in blood or muscle. Infusion of GLP-1 significantly increased the amount of intact 125 I-insulin in muscle, leading to significantly increased muscle insulin clearance (Fig. 6B) and uptake (Fig. 6C) . Inhibition of NO production with L-NAME completely abolished these effects ( Fig. 6B and C) .
DISCUSSION
Using contrast-enhanced ultrasound technique, the current study demonstrates for the first time that GLP-1 potently recruits muscle microvasculature, which is associated with increased muscle glucose utilization, plasma concentrations of NO, muscle interstitial oxygenation, and muscle insulin clearance/uptake. That coinfusion of L-NAME, a potent inhibitor of NOS, abolishes GLP-1-mediated microvascular recruitment and glucose utilization in muscle strongly suggests that GLP-1 acts via a NO-dependent mechanism. The importance of GLP-1 recruiting muscle microvasculature cannot be overemphasized; in the resting state, only ;30% of muscle capillaries are perfused (35) , and it is in the microvasculature that substrate exchanges occur. The combination of a relatively low blood flow in the resting skeletal muscle and an increase in the endothelial exchange surface area would likely significantly increase hormone and substrate exchanges between the plasma compartment and muscle interstitium.
Our findings strongly suggest that GLP-1 plays a very important role in controlling postprandial plasma glucose GLP-1 AND MICROVASCULAR RECRUITMENT levels via increasing microvascular recruitment in muscle. The observation that muscle microvascular recruitment was coupled with increased insulin uptake and glucose utilization in muscle during GLP-1 infusion is consistent with prior reports demonstrating that increasing muscle MBV by low frequency muscle contraction (22) , angiotensin II type 1 receptor blocker losartan (24, 34) , or insulin (30) significantly increases muscle delivery of insulin and/ or glucose utilization. This action is particularly important in the postprandial state. Thus, nutrient intake triggers the release of GLP-1, which would then not only mediate glucose-stimulated insulin secretion and inhibit glucagon secretion but also increase insulin delivery to and glucose extraction in muscle through microvascular recruitment. Whether this action contributes to the glucose lowering effect of incretin-based therapies in patients with type 2 diabetes remains to be studied.
We and others have previously observed that mixed meals potently recruit microvasculature in humans in both skeletal muscle (19, 20, 36) and myocardium (37) . It is of interest to note in our previous study that mixed meal recruited more microvasculature than insulin infusion despite that plasma insulin concentrations were comparable between mixed meal challenged subjects and subjects who received insulin infusion (19) . Given the current study findings, it is reasonable to speculate that GLP-1 secreted after meal ingestion may have contributed to this higher degree of muscle microvascular recruitment observed after meal feeding.
The observation of GLP-1 infusion acutely increasing plasma NO levels is consistent with our in vitro study demonstrating a direct stimulatory effect of GLP-1 on eNOS phosphorylation. In a similar manner, incubation of human umbilical vein ECs with GLP-1 analog liraglutide dose-and time-dependently increases NO production (38) . The increase in plasma NO levels seen after GLP-1 infusion thus most likely reflects increased release of NO from the endothelium via a direct action of GLP-1 on the endothelium. That inhibition of NOS abolished GLP-1-induced increases in both plasma NO levels and microvascular recruitment strongly suggests that GLP-1 recruits muscle microvasculature via a NO-dependent mechanism. The lack of GLP-1-stimulated muscle glucose extraction in the presence of L-NAME also suggests that NO plays a major role in GLP-1-mediated muscle glucose extraction, either via direct actions on muscle or via microvascular recruitment. It is of interest to note that plasma NO levels fell back to the control levels at 120 min despite a continued GLP-1 infusion and sustained muscle microvascular recruitment and glucose extraction. This suggests that continued NO production is probably not necessary once the muscle microvasculature has already been recruited. The current study suggests that both PKA and Akt may have been involved in the GLP-1-mediated microvascular action. In our in vivo study, PKA activity increased by ;30%, whereas Akt phosphorylation increased by greater than twofold after GLP-1 stimulation. Given the semiquantitative nature of the Western blotting and that many factors are involved in the kinase activities, it would be difficult to ascertain which kinase plays a more important role in this process. In addition, the downstream signaling pathways remain to be explored.
Muscle interstitial oxygen saturation increased significantly after the initiation of GLP-1 infusion, which paralleled the changes in muscle MBV. Thus, increased muscle microvascular endothelial surface area not only increases substrate uptake but also facilitates oxygen delivery to the muscle as well. This finding is in line with our prior report demonstrating that increased muscle MBV after angiotensin II type 1 receptor blocker losartan administration is associated with increased muscle extraction of glucose and oxygen delivery (24) . This finding is potentially significant because recent evidence suggests that tissue hypoxia plays an important role in the pathogenesis of insulin resistance and diabetes, possibly via increased inflammation (39) (40) (41) (42) . It is thus very likely that the increased substrate exchange and oxygen delivery may have contributed to the beneficial extrapancreatic effects of GLP-1, including improving heart failure, decreasing myocardial ischemic damage, and alleviating endothelial dysfunction (7) (8) (9) (10) 12, 25) .
Although both insulin and GLP-1 recruit muscle microvasculature via a NO-dependent mechanism, it is worth noting that GLP-1 appears to be more potent than insulin. This is of particular clinical significance in patients with insulin resistance and diabetes, considering that prior studies confirm that microvascular insulin resistance and dysfunction closely couple with metabolic insulin resistance (16, 17, 19, (43) (44) (45) . Insulin-mediated microvascular recruitment precedes insulin-stimulated glucose uptake in skeletal muscle (30) , and blockade of insulin's microvascular action with L-NAME decreases insulin-stimulated steady-state glucose disposal by ;40% (28, 30) . Because GLP-1 signaling remains intact in patients with type 2 diabetes (46), it is likely that patients with diabetes have decreased microvascular response to insulin but remain responsive to GLP-1. In that case, GLP-1 could enhance muscle microvascular recruitment to increase substrate, oxygen, and insulin delivery to various tissues and improve insulin resistance and alleviate complications.
In conclusion, GLP-1 acutely increases microvascular recruitment and basal glucose uptake in muscle via a NOdependent mechanism. Thus, GLP-1 may afford potential to improve muscle insulin action and decrease the cardiovascular complications associated with diabetes by expanding microvascular endothelial surface area, which is associated with increased tissue delivery of substrates, oxygen, and insulin.
